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DEPLEHON-MODE TRANSISTOR 
THAT ELIMINATES THE NEED TO SEPARATELY SET 
THE THRESHOLD VOLTAGE OF THE DEPLEHON-MODE TRANSISTOR 

5 This is a continuation of Application Serial No. 09/824,653 filed on April 

3, 2001 to Terry Lines. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention . 

10 

The present invention relates to depletion-mode transistors and, more 
* particularly, to a method of forming a depletion-mode transistor that 
eliminates the need to separately set the threshold voltage of the depletion- 
mode transistor. 

15 

2. Description of the Related Art . 

MOS transistors typically fall into one of two classifications; a 
depletion-mode transistor or an enhancement-mode transistor. A depletion- 

20 mode transistor is a transistor that conducts (more than a leakage current) 
when the gate, source, and bulk are at the same potential, such as ground for 
an NMOS transistor and a positive voltage for a PMOS transistor. Depletion- 
mode transistors are commonly turned off by placing a voltage on the gate 
that is less than the source voltage for the NMOS transistor, and greater than 

25 the source voltage for the PMOS transistor. 

An enhancement-mode transistor, on the other hand, is a transistor 
that is non-conductive (except for leakage currents) when the gate, source, 
and bulk are at the same potential. Enhancement-mode transistors are 
commonly turned off by placing ground on the gate of the NMOS transistor 

30 and the positive voltage on the gate of the PMOS transistor. 

Depletion-mode transistors, in an always-on state, are often used in 
semiconductor circuits to provide a resistive element. Typically, however, a 
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separate mask and implant step are required during tlie fabrication of the 
semiconductor circuit to set the threshold voltage of the depletion-mode 
transistor. 

FIGs. lA-lI show a series of cross-sectional diagrams that illustrate a 
5 prior-art method of forming a semiconductor circuit that does not include 
depletion-mode transistors. As shown in FIG. lA, the prior-art method utilizes 
a conventionally formed wafer 100 that includes a p+ substrate 110 and a p- 
type epitaxial layer 112 that is formed on substrate 110. 

In addition, wafer 100 also includes a number of field oxide regions 

10 FOX that are formed in epitaxial layer 112, and a number of n-wells, including 
first and second n-wells 120 and 122, that are formed in epitaxial layer 112. 
N-well 120 is utilized to support a number of high-voltage PMOS transistors, 
while n-well 122 is utilized to support a number of a low-voltage, high 
threshold voltage PMOS transistors. 

15 Further, wafer 100 can include a number of p-type wells, including a 

first p-well 130, a second p-well 132, and a third p-well 134, that are formed 
in epitaxial layer 112. P-well 130 is utilized to support a number of EEPROM 
transistors. Second and third p-wells are utilized to support a number of 
high-voltage NMOS transistors, and a number of low-voltage, high threshold 

20 voltage NMOS transistors. 

The prior-art method begins by forming a layer of screen oxide 140 on 
epitaxial layer 112, followed by the formation and patterning of a first implant 
mask 142 on oxide layer 140. Implant mask 142 is patterned to expose a 
number of regions on the surface of oxide layer 140 that correspond with a 

25 number of to-be-formed n+ buried regions in p-well 130. 

The number of to-be-formed n+ buried regions, in turn, corresponds 
with the number of EEPROM transistors that are to be formed in p-well 130. 
Once implant mask 142 has been patterned, the exposed regions of oxide 
layer 140 are implanted with a dopant, such as phosphorous or arsenic, to 

30 form a number of n+ buried regions 144. Implant mask 142 is then removed. 



100-14310 (P04927-C1) -2- 



PATENT 

Next, as shown in FIG. IB, an NMOS threshold voltage mask 146 is 
formed and patterned on oxide layer 140. Threshold voltage mask 146 is 
patterned to expose a number of regions on the surface of oxide layer 140 
that correspond with a number of to-be-formed memory channel regions 150 
5 in p-well 130, a number of high-voltage NMOS channel regions 152 in p-well 
132, and a number of low-voltage, high threshold voltage NMOS channel 
regions 154 In p-well 134. 

Once threshold mask 146 has been patterned, the exposed regions of 
oxide layer 140 are implanted with a dopant, such as boron, to set the 

10 threshold voltages of the to-be-formed memory transistors in p-well 130 and 
high-voltage NMOS transistors in p-well 132, and partially set the threshold 
voltage of the low-voltage, high threshold voltage NMOS transistors in p-well 
134. Threshold mask 146 is then removed. 

Following this, a PMOS threshold voltage mask (not shown) is formed 

15 and patterned on oxide layer 140. The PMOS threshold voltage mask is 
patterned to expose a number of regions on the surface of oxide layer 140 
that correspond with a number of to-be-formed high voltage PMOS channel 
regions 158 in n-well 120. Once the PMOS threshold mask has been 
patterned, the exposed regions of oxide layer 140 are implanted with a 

20 dopant, such as boron, to set the threshold voltages of the to-be-formed 
high-voltage PMOS transistors. The PMOS threshold mask is then removed. 
After this, screen oxide layer 140 is removed. 

Next, as shown in FIG. IC, a layer of gate oxide 160 is formed on 
epitaxial layer 112, followed by the formation and patterning of a tunneling 

25 mask 162 on oxide layer 160. Tunneling mask 162 is patterned to expose a 
number of regions on the surface of gate oxide layer 160 that overlie and 
correspond with the number of n+ buried regions 144. Once tunneling mask 
162 has been patterned, the exposed regions of gate oxide layer 160 are 
etched until gate oxide layer 160 is removed from the surfaces of p-well 130 

30 over n+ buried regions 144, Tunneling mask 162 Is then stripped. 
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After this, as shown in FIG. ID, a layer of tunnel oxide 166 is grown on 
the exposed surfaces of p-well 130. A first layer of polysillcon (poly-1) 170 is 
then formed on gate oxide layer 160 and tunnel oxide layer 166, and 
conventionally doped. Next, a layer of oxide 172 is formed on poly-1 layer 
5 170, followed by the formation of an overlying layer of nitride 174, and an 
overlying layer of oxide 176. Oxide layer 172, nitride layer 174, and oxide 
layer 176 form an interpoly dielectric commonly l<nown as ONO. 

Once oxide layer 176 has been formed, a poly-1 mask 180 is formed 
and patterned on oxide layer 176. Poly-1 masl< 180 is patterned to protect a 

10 number of regions on the surface of oxide layer 176 that correspond with a 
number of gates of the to-be-formed high-voltage transistors and a number 
of floating gates of the to-be-formed EEPROM transistors. 

Next, as shown in FIG. IE, the exposed regions of oxide layer 176 and 
the underlying layers of nitride layer 174, oxide layer 172, and poly-1 layer 

15 170 are etched until poly-1 layer 170 is removed from the underlying layer of 
gate oxide 160. The etch forms the floating gates 182 of the EEPROI^ 
transistors, the gates 184 of the high-voltage PMOS transistors, and the gates 
186 of the high-voltage NMOS transistors. 

Following this, wafer 100 Is blanket implanted with a dopant, such as 

20 boron, to set the threshold voltage of the low-voltage, high threshold voltage 
PMOS transistors in n-well 122. The blanket implant also partially sets 
(finishes setting) the threshold voltage of the low-voltage, high threshold 
voltage NMOS transistors in p-well 134. Boron 11, for example, can be 
implanted at a dose of 3.57x10^^ at an implant energy of 22KeV. Poly-1 mask 

25 180 is then stripped. 

Next, as shown in FIG. IF, an ONO protect mask 210 is formed and 
patterned on oxide layer 176. ONO protect mask 210 is patterned to protect 
oxide layer 176 overlying the floating gates 182 of the to-be-formed EEPROM 
transistors in p-well 130. Following this, oxide layer 176, nitride layer 174, 

30 and oxide layer 172 are removed from the regions that overlie gates 184 and 
186 of the to-be-formed high-voltage PMOS and NMOS transistors in n-well 
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120 and p-well 132, respectively. Next, gate oxide layer 160 is etched. The 
etch removes gate oxide 160 from the surface of n-well 122 and p-well 134. 
Mask 210 is then removed. 

As shown in FIG. IG, following the removal of mask 210, a thin layer 
5 of oxide 212 is formed on the exposed surfaces of wafer 100, including n- 
wells 120-122, p-wells 130-134, gates 184 and 186 over wells 124 and 132, 
and oxide layer 176 over well 130. 

Following this, a second layer of polysilicon (poly-2) 216 is formed on 
oxide layer 212, and conventionally doped (via tube doping). Next, a word 

10 line/gate mask 218 is formed and patterned on poly-2 layer 216. Word 

line/gate mask 218 is patterned to define a number of strips on the surface of 
poly-2 layer 216 that correspond with a number of to-be-formed word lines 
(word lines include the control gates) over p-well 130. 

Word line/gate mask 218 is also patterned to define the gates of the 

15 to-be-formed low-voltage, high threshold voltage PMOS transistors In well 
122, and low-voltage, high threshold voltage NMOS transistors in well 134. 
Once word line/gate mask 218 has been patterned, the exposed regions of 
poly-2 layer 216 are etched until the exposed regions of poly-2 layer 216 are 
removed from the surface of oxide layer 212. Mask 218 is then removed- 

20 As shown in FIG. IH, the etch of poly-2 layer 216 forms a number of 

word lines WL. The etch also forms the gate 222 of the to-be-formed low- 
voltage, high threshold voltage PMOS transistors in well 122. The etch 
additionally forms the gate 234 of the to-be-formed low-voltage, high 
threshold voltage NMOS transistors in well 134. 

25 The etch further exposes regions of oxide layer 212 that correspond 

with a number of to-be-formed source regions, a number of to-be-formed 
drain regions, and a number of to-be-formed source lines. Next, a NMOS 
low-density source/drain (NLDD) mask 240 is formed and patterned on wafer 
100 to protect the PMOS regions of oxide layer 212. The exposed regions of 

30 oxide layer 212 are implanted with a dopant, such as phosphorous or arsenic, 
to form a number of n-type low-density source and drain regions 242 in wells 
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130-134 (only a LDD source region is formed in well 130). NLDD mask 240 is 
then stripped. 

After this, a PMOS low-density source/drain (PLDD) mask (not shown) 
is formed and patterned on wafer 100 to protect the NMOS regions of oxide 
5 layer 212. The exposed regions of oxide layer 212 are implanted with a 
dopant, such as boron, to form a number of p-type low-density source and 
drain regions 244 in wells 120-122. The PLDD mask is then stripped. 

Next, as shown in FIG. II, a layer of spacer oxide is formed on wafer 
100, and anisotropically etched away to form a number of side wall spacers 
10 246. Once side wall spacers 246 have been formed, a NMOS source/drain 
mask 250 is formed and patterned on wafer 100 to protect the PMOS regions. 
The exposed regions of oxide layer 212 are implanted with a dopant, such as 
phosphorous or arsenic, to form a number of n+ source and drain regions 
252 in wells 130-134. The implant also forms implanted source lines in well 
15 130. NMOS drain mask 250 is then stripped. 

After this, a PMOS source/drain mask (not shown) is formed and 
patterned on wafer 100 to protect the NMOS regions. The exposed regions of 
oxide layer 212 are implanted with a dopant, such as boron, to form a 
number of p+ source and drain regions 254 in wells 120-122. The PMOS 
20 mask is then stripped. The process then continues with conventional steps. 
One technique for adding depletion-mode transistors to the above 
process flow is to utilize a separate mask and implant step to set the 
threshold voltages of the depletion-mode transistors. Although this is a 
workable solution, there is a need for a method for forming depletion-mode 
25 transistors that does not require a separate mask and implant step. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGs. lA-lI are a series of cross-sectional diagrams Illustrating a prior- 
30 art method of forming a semiconductor circuit that does not include 
depletion-mode transistors. 
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FIGs. 2A-2K are a series of cross-sectional diagrams illustrating a 
method of forming a semiconductor circuit that includes depletion-mode 
transistors in accordance with the present invention, 

FIGs. 3-6 are graphs illustrating aspects of the performance of 
5 depletion-mode transistor 560 in accordance with the present invention. 

DETAILED DESCRIPTION 

FIGs. 2A-2K show a series of cross-sectional diagrams that illustrate a 

10 method of forming a semiconductor circuit that includes depletion-mode 

transistors In accordance with the present invention. As described In greater 
detail below, the method forms PMOS depletion-mode transistors by utilizing 
a reduced channel length and unrelated threshold voltage Implants. As a 
result, the method of the present Invention forms depletion-mode transistors 

15 without any additional process steps. 

In addition to forming a depletion-mode transistor, the method also 
includes steps for forming a low-voltage, low threshold voltage enhancement- 
mode PMOS transistor. The depletion-mode transistor Is formed to have a 
channel length that Is approximately 0.3 to 0.8 the length of the channel of 

20 the enhancement-mode transistor. 

The method further Includes steps for forming a high-voltage, 
enhancement-mode NMOS transistor. The depletion-mode transistor has a 
channel region that is implanted each time the channel region of the low- 
voltage PMOS transistor is implanted, and each time the channel region of the 

25 high-voltage NMOS transistor is implanted. 

The method optionally Includes steps for forming a high-voltage PMOS 
transistor; a low-voltage, low threshold voltage NMOS transistor; a low- 
voltage, high threshold voltage PMOS transistor; a low-voltage, high threshold 
voltage NMOS transistor; and an EEPROM transistor. 

30 As shown in FIG. 2A, the process of the present invention utilizes a 

conventionally formed wafer 400 that includes a p+ substrate 410 and a p- 
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type epitaxial layer 412 that is formed on substrate 400. Epitaxial layer 412, 
which is formed from a 100-orlentation, single-crystal material, has a nominal 
thickness of 5. Sum and a resistivity of 30 ohm-cm. 

In addition, wafer 400 also includes a number of field oxide regions 
5 FOX that are formed in epitaxial layer 412, and a number of n-wells, including 
first, second, third, fourth, and fifth n-wells 420, 422, 424, 426, and 428, that 
are formed in epitaxial layer 412. Each n-well 420, 422, 424, 426, and 428 
has a depth of approximately 1.4nm and a surface dopant concentration of 
approximately 1x10^^ atoms/cm^. 

10 N-well 420 is utilized to support only a first depletion-mode transistor, 

while n-well 422 is utilized to support only a second depletion-mode 
transistor. Third, fourth, and fifth n-wells 424, 426, and 428 are utilized to 
support a number of high-voltage PMOS transistors; a number of a low- 
voltage, high threshold voltage PMOS transistors; and a number of low- 

15 voltage, low threshold voltage PMOS transistors, respectively. 

Further, wafer 400 can include a number of p-type wells, including a 
first p-well 430, a second p-well 432, a third p-well 434, and a fourth well 
436, that are formed in epitaxial layer 412. P-well 430 is utilized to support a 
number of EEPROM transistors. Second, third, and fourth p-wells are utilized 

20 to support a number of high-voltage NMOS transistors; a number of low- 
voltage, high threshold voltage NMOS transistors; and a number of low- 
voltage, low threshold voltage NMOS transistors, respectively. 

The process of the present invention begins by forming a layer of 
screen oxide 440 on epitaxial layer 412, followed by the formation and 

25 patterning of a first implant mask 442 on oxide layer 440. Implant mask 442 
is patterned to expose a number of regions on the surface of oxide layer 440 
that correspond with a number of to-be-formed n+ buried regions in p-well 
430. 

The number of to-be-formed n+ buried regions, in turn, corresponds 
30 with the number of EEPROM transistors that are to be formed in p-well 430. 
(FIG. 2A shows only one opening in mask 442 for purposes of illustration 
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only. The number of openings in mask 442 corresponds with the number of 
to-be-formed EEPROM memory cells.) Once implant mask 442 has been 
patterned, the exposed regions of oxide layer 440 are Implanted with a 
dopant, such as phosphorous or arsenic, to form a number of n+ buried 
5 regions 444. (N+ regions 444 can be formed as double diffused drain 
regions.) Implant mask 442 is then removed. 

Next, as shown in FIG. 2B, an NMOS threshold voltage mask 446 is 
formed and patterned on oxide layer 440. In accordance with the present 
invention, threshold voltage mask 446 is patterned to expose a number of 

10 regions on the surface of oxide layer 440 that correspond with a number of 
to-be-formed memory channel regions 450 in p-well 430, a number of high- 
voltage NMOS channel regions 452 in p-well 432, a first depletion-mode 
channel region 454 in n-well 420, and a second depletion-mode channel 
region 456 in n-well 422. 

15 Once threshold mask 446 has been patterned, the exposed regions of 

oxide layer 440 are implanted with a dopant, such as boron, to set the 
threshold voltages of the to-be-formed memory transistors and high-voltage 
NMOS transistors, and partially set the threshold voltage of the depletion- 
mode transistor in n-well 420, and the depletion-mode transistor in n-well 

20 422. Boron 11, for example, can be implanted at a dose of 1.04x10^^ at an 
implant energy of 30KeV. Threshold mask 446 is then removed. 

Following this, a PMOS high-voltage threshold voltage mask (not 
shown) is formed and patterned on oxide layer 440. The PMOS threshold 
voltage mask is patterned to expose a number of regions on the surface of 

25 oxide layer 440 that correspond with a number of to-be-formed high voltage 
PMOS channel regions 458 in n-well 424. Once the PMOS threshold mask has 
been patterned, the exposed regions of oxide layer 440 are implanted with a 
dopant, such as boron, to set the threshold voltages of the to-be-formed 
high-voltage PMOS transistors. Boron 11, for example, can be Implanted at a 

30 dose of 6.5x10^^ at an implant energy of 30KeV. The PMOS threshold mask is 
then removed. After this, screen oxide layer 440 is removed. 
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Next, as shown in FIG. 2C, a layer of gate oxide 460 is formed on 
epitaxial layer 412, followed by the formation and patterning of a tunneling 
mask 462 on oxide layer 460. Tunneling mask 462 is patterned to expose a 
number of regions on the surface of gate oxide layer 460 that overlie and 
5 correspond with the number of n+ buried regions 444. Once tunneling mask 
462 has been patterned, the exposed regions of gate oxide layer 460 are 
etched until gate oxide layer 460 is removed from the surfaces of p-well 430 
over n+ buried regions 444. Tunneling mask 462 Is then stripped. 

After this, as shown in FIG. 2D, a layer of tunnel oxide 466 is grown on 

10 the exposed surfaces of p-well 430. A first layer of polysilicon (poly-1) 470 is 
then formed on gate oxide layer 460 and tunnel oxide layer 466, and 
conventionally doped. Next, a layer of oxide 472 is formed on poly-1 layer 
470, followed by the formation of an overlying layer of nitride 474, and an 
overlying layer of oxide 476. Oxide layer 472, nitride layer 474, and oxide 

15 layer 476 form an interpoly dielectric commonly known as ONO. 

Once oxide layer 476 has been formed, a poly-1 mask 480 is formed 
and patterned on oxide layer 476. Poly-1 mask 480 is patterned to expose a 
number of regions on the surface of oxide layer 476 that correspond with a 
number of gates of the to-be-formed high-voltage transistors and a number 

20 of floating gates of the to-be-formed EEPROM transistors. 

Next, as shown in FIG. 2E, the exposed regions of oxide layer 476 and 
the underlying layers of nitride layer 474, oxide layer 472, and poly-1 layer 
470 are etched until poly-1 layer 470 is removed from the underlying layer of 
gate oxide 460. The etch forms the floating gates 482 of the EEPROM 

25 transistors, the gates 484 of the high-voltage PMOS transistors, and the gates 
486 of the high-voltage NMOS transistors. 

Following this, wafer 400 is blanket implanted with a dopant, such as 
boron, to set the threshold voltages of the low-voltage, low threshold voltage 
NMOS transistors in p-well 436, and the low-voltage, high threshold voltage 

30 PMOS transistors in n-well 426. The blanket implant also partially sets the 
threshold voltages of the low-voltage, low threshold voltage PMOS transistors 
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in n-well 428, and the low-voltage, high threshold voltage NMOS transistors in 
p-well 434. 

In accordance with the present invention, the blanket implant also 
partially sets the threshold voltages of the depletion-mode transistors in wells 
5 420 and 422. Boron 11, for example, can be implanted at a dose of 2.9x10^^ 
at an implant energy of 22KeV. (Mask 480 protects the underlying channel 
regions of the EEPROM transistors and the high-voltage transistors from the 
blanket implant.) Poly-1 mask 480 is then stripped. 

Next, as shown in FIG. 2F, an NMOS threshold voltage mask 490 is 

10 formed and patterned on oxide layers 460 and 476. In accordance with the 
present invention, threshold voltage mask 490 is patterned to expose a 
number of regions on the surface of oxide layer 460 that correspond with a 
number of to-be-formed low-voltage, low threshold voltage PMOS channel 
regions 492 in n-well 428, a number of low-voltage, high threshold voltage 

15 NMOS channel regions 494 in p-well 434, first depletion-mode channel region 
454 in p-well 420, and second depletion-mode channel region 456 in p-well 
422. 

Once threshold mask 490 has been patterned, the exposed regionis of 
oxide layer 460 are implanted with a dopant, such as boron, to set the 

20 threshold voltages of the to-be-formed low-voltage, low threshold voltage 
PMOS transistors in n-well 428 and the low-voltage, high threshold voltage 
NMOS transistors in p-well 434, and partially set the threshold voltage of the 
depletion-mode transistor in n-well 420, and the depletion-mode transistor is 
n-well 422. Boron 11, for example, can be implanted at a dose of 1.21x10^^ 

25 at an implant energy of 22KeV. Threshold mask 490 is then removed. 

As shown in FIG. 2G, an ONO protect mask 510 Is formed and 
patterned on oxide layers 460 and 476. ONO protect mask 510 is patterned 
to protect oxide layer 476 overlying the floating gates 482 of the to-be- 
formed EEPROM transistors in p-well 430. Following this, oxide layer 476, 

30 nitride layer 474, and oxide layer 472 are removed from the regions that 

overlie gates 484 and 486 of the to-be-formed high-voltage PMOS and NMOS 
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transistors in n-well 424 and p-well 432, respectively. Next, gate oxide layer 
460 Is etched. The etch removes gate oxide 460 from the surface of n-wells 
420, 422, 426, and 428, and p-wells 434 and 436. Mask 510 is then 
removed. 

5 As shown in FIG. 2H, following the removal of mask 510, a thin layer 

of oxide 512 approximately 130 angstroms thick is formed on the exposed 
surfaces of wafer 400, including n-wells 420-428, p-wells 430-436, gates 484 
and 486 over wells 424 and 432, and oxide layer 476 over well 430. 

Following this, a second layer of polysilicon (poly-2) 516 is formed on 

10 oxide layer 512, and conventionally doped via, for example, ion implantation. 
Next, a word line/gate mask 518 is formed and patterned on poly-2 layer 516. 
Word line/gate mask 518 is patterned to define a number of strips on the 
surface of poly-2 layer 516 that correspond with a number of to-be-formed 
word lines (word lines include the control gates) over p-well 430. 

15 In accordance with the present invention, word line/gate mask 518 is 

also patterned to define the gates of the to-be-formed low-voltage, low 
threshold voltage PMOS transistors; low-voltage, high threshold voltage PMOS 
transistors; low-voltage, low threshold voltage NMOS transistors; low-voltage, 
high threshold voltage NMOS transistors; first depletion-mode transistor; and 

20 second depletion-mode transistor. 

Once word line/gate mask 518 has been patterned, the exposed 
regions of poly-2 layer 516 are etched until the exposed regions of poly-2 
layer 516 are removed from the surface of oxide layer 512. Mask 518 is then 
removed. In accordance with the present invention, the first and second 

25 depletion-mode transistors in n-wells 420 and 422, respectively, are formed to 
have channel lengths that are approximately 0.3 to 0.8, and preferably 0.5, 
the length of the channel length of the low-voltage, low-threshold voltage 
PMOS transistor in well 428. 

As shown in FIG. 21, the etch of poly-2 layer 516 forms a number of 

30 word lines WL. The etch also forms the gates 520, 522, 526, and 528 of the 
to-be-formed depletion-mode transistor in well 120, depletion-mode transistor 
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in well 422, low-voltage, high threshold voltage PMOS transistors in well 426, 
and low-voltage, low threshold voltage PMOS transistors In well 428, 
respectively. The etch additionally forms the gates 234, and 236 of the low- 
voltage, high threshold voltage NMOS transistors in well 434, and the low- 
5 voltage, low threshold voltage NMOS transistors in well 436. 

The etch further exposes regions of oxide layer 512 that correspond 
with a number of to-be-formed source regions, a number of to-be-formed 
drain regions, and a number of to-be-formed source lines. Next, a NMOS 
low-density source/drain (NLDD) mask 540 is formed and patterned on wafer 
10 100 to protect the PMOS regions of oxide layer 512. The exposed regions of 
oxide layer 512 are implanted with a dopant, such as phosphorous or arsenic, 
to form a number of n-type low-density source and drain regions 542 in wells 
430-436 (only a LDD source region is formed In well 430). NLDD mask 540 is 
then stripped. 

15 After this, a PMOS low-density source/drain (PLDD) mask (not shown) 

is formed and patterned on wafer 400 to protect the NMOS regions of oxide 
layer 512. The exposed regions of oxide layer 512 are implanted with a 
dopant, such as boron, to form a number of p-type low-density source and 
drain regions 544 in wells 420-428. The PLDD mask is then stripped. 

20 Next, as shown in FIG. 23, a layer of spacer oxide is formed on wafer 

400, and anisotropically etched away to form a number of side wall spacers 
546. Once side wall spacers 546 have been formed, a NMOS source/drain 
mask 550 is formed and patterned on wafer 400 to protect the PMOS regions. 
The exposed regions of oxide layer 512 are implanted with a dopant, such as 

25 phosphorous or arsenic, to form a number of n+ source and drain regions 
552 in wells 430-436. The implant also forms implanted source lines in well 
430. NMOS drain mask 550 is then stripped. 

After this, a PMOS source/drain mask (not shown) is formed and 
patterned on wafer 400 to protect the NMOS regions. The exposed regions of 

30 oxide layer 512 are implanted with a dopant, such as boron, to form a 

number of p-i- source and drain regions 554 in wells 420-428. The p+ source 
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and drain regions 554 have a nominal slieet rlio of 140 ohms/square and a 
junction depth of 0.20iim. The PI^OS mask is then stripped. Following this, 
the method of the present invention continues with conventional steps. 

As shown in FIG. 2K, the implants form a first PMOS depletion-mode 
5 transistor 560 in n-well 420 and a second PMOS depletion-mode transistor 
562 in n-well 422. Transistors 560 and 562 each have spaced-apart p+ 
sdurce and drain regions 610 and 612, and a channel region 614 defined 
between source and drain regions 610 and 612, In addition, transistors 560 
and 562 each have a layer of first gate oxide 616 that is formed over channel 

10 region 614, and a gate 618 that is formed over oxide layer 616. Channel 
region 614, in turn, has a first channel length and a first dopant 
concentration, while gate 618 has a first gate length. 

The implants also form a PMOS high-voltage transistor 564 in n-well 
424, a low-voltage, high threshold voltage PMOS transistor 566 in n-well 426, 

15 and a low-voltage, low threshold voltage PMOS transistor 568 in n-well 428. 
Transistor 568 has spaced-apart pn- source and drain regions 630 and 632, 
and a channel region 634 defined between source and drain regions 630 and 
632. 

In addition, transistor 568 has a layer of first gate oxide 636 that is 
20 formed over channel region 634, and a gate 638 that is formed over oxide 
layer 636. Channel region 634, in turn, has a second channel length and a 
second dopant concentration, while gate 638 has a second gate length. 

In the present invention, the channel length of PMOS transistor 560 is 
approximately 0.3 to 0.8, preferably 0.5, the channel length of PMOS 
25 transistor 568. For example, the first gate length of transistor 560 can have 
an in-silicon length of approximately 0.72Lim while the second gate length of 
transistor 568 can have an in-silicon length of approximately 1.44iim. In 
addition, the first gate length is approximately 0.3 to 0.8, preferably 0.5, the 
second gate length of PMOS transistor 568. 
30 The implants also form an EEPROM memory cell 570 in p-well 430, a 

high-voltage NMOS transistor 572 in p-well 432, a low-voltage, high threshold 
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voltage NMOS transistor 574 in p-well 434, and a low-voltage, low threshold 
voltage NMOS transistor 576 in p-well 436. Transistor 572 has spaced-apart 
n+ source and drain regions 650 and 652, and a channel region 654 defined 
between source and drain regions 650 and 652. 
5 In addition, transistor 572 has a layer of first gate oxide 656 that is 

formed over channel region 654, and a gate 658 that is formed over oxide 
layer 656. Channel region 654, in turn, has a third channel length and a third 
dopant concentration, while gate 658 has a third gate length. The third 
channel length of transistor 572 is longer than the second channel length of 

10 transistor 568 and can be, for example, approximately 2.0iim in silicon. In 
the present invention, channel region 614 has a dopant concentration 
substantially equal to approximately 5.15x10^^ which is equal to the dopant 
concentrations of channel regions 634 and 654 combined. 

In accordance with the present invention, by forming PMOS transistors 

15 560 and 562 to have channel lengths that are less than the low-voltage, low 
threshold voltage PMOS transistors 568, and by utilizing the threshold voltage 
implant of the high-voltage NMOS transistor along with the threshold voltage 
implants of the low-voltage, low threshold voltage PMOS transistors, PMOS 
transistor 560 and PMOS transistor 562 function as depletion-mode 

20 transistors. A depletion-mode transistor is a transistor that Is substantially 
conductive (conducts more than a leakage current) when the gate, the 
source, and the bulk are connected to the same potential. 

As a result, the method of the present invention provides depletion- 
mode transistors without requiring a mask and implant step dedicated to 

25 setting the threshold voltage of the depletion-mode transistors. Saving a 
mask and implant step, in turn, reduces the cost and complexity of forming 
the circuit. 

In operation, depletion-mode transistor 560 is turned on by 
connecting, for example, well 420, source 610, and gate 618 to zero volts, 
30 and drain 612 to -5V. The structure and biasing of transistor 560 cause a 
current to flow due to drain induced barrier lowering. In addition, depletion- 
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mode transistor 250 is turned off when, for example, well 420, source 610, 
and gate 618 are each connected to plus one volt, and drain 612 is connected 
to -5V. Depletion-mode transistor 562 operates in a similar fashion. 
FIGs. 3-6 show aspects of the performance of depletion-mode 
5 transistor 560 in accordance with the present invention. The values of the 
drain-to-source current Ids shown in the figures were collected from devices 
36.0L(m wide and have not been normalized. The drain-to-source current Ids 
values were transposed to absolute values of drain-to-source current Ids to 
allow plotting on a log axis where appropriate. The channel doping 

10 concentration for the depletion-mode transistors 560 in FIGs. 3-6 are equal. 

FIG. 3 shows the current characteristics of the absolute value of the 
drain-to-source current Ids of five varying channel lengths of depletion-mode 
transistor 560 as Vgs and Vwell are varied from -0-5V to +1.5V. FIG. 3 shows 
that all devices exhibit varying degrees of the absolute value of the drain-to- 

15 source current Ids at a gate-to-source voltage Vgs that is equal to a well 
voltage Vwell that is equal to O.OV (the on state). 

In addition, FIG. 3 also shows that all channel lengths exhibit low 
levels of the absolute value of the drain-to-source current Ids current at a 
gate-to-source voltage Vgs that is equal to a well voltage Vwell that is equal 

20 to +1.0V (the off state). FIG. 3 further shows enhanced sub-threshold 
conduction characteristics as the channel length is reduced below 1.44nm. 

FIG. 4 shows the effect of the channel length on the effective threshold 
voltage. The variation in threshold voltage shown in FIG. 4 is due entirely to 
channel length effects. The channel lengths are, from left to right, 0.72nm, 

25 0.94Lim, 1.15Lim, 1.44Lim, l.SOum, and 2.88Lim. As shown in FIG. 4, the 

effective threshold voltage of the 0.72Lim device (-0.358V) is over O.IV closer 
to O.OV than the 1.444m device (-0.465V). Despite the reduction in the 
absolute value of the threshold voltage as channel lengths are reduced, the 
threshold voltage remains negative (enhancement-mode PMOS) even for the 

30 0.72Lim device. 
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FIG. 5 shows the off state of the absolute value of the drain-to-source 
current Ids as a function of the drain-to-source voltage Vds and channel 
length. Under the defined off-state condition: the gate-to-source voltage Vgs 
equals the well voltage Vwell that equals +1.0V. In addition, the source 
5 voltage Vs equal zero volts and the drain-to-source voltage Vds equals -5.0V. 
Under these conditions, the absolute value of the drain-to-source current Ids 
remains within a range of 0.10 to 0.15 pA for all channel lengths. Further, 
the absolute value of the drain-to-source current Ids remains well under 
l.OpA over the entire drain-to-source voltage Vds range of O.OV to -5.5V, 

10 under off-state bias conditions. 

FIG. 6 is effectively the compliment of FIG. 5, showing on-state 
conditions of the absolute value of the drain-to-source current Ids as a 
function of the drain-to-source voltage Vds and the channel length. The 
defined on-state condition is: the gate-to-source voltage Vgs equals the 

15 source voltage Vs that equals the well voltage Vwell that equals O.OV. In 

addition, the drain-to-source voltage Vds equals -5.0V. As shown in FIG. 6, it 
is under the on-state conditions where the effects of drain-induced-barrier 
lowering allows the short-channel enhancement-mode transistors to perform 
as a depletion-mode transistor. While the threshold voltage of the 0.72Lim 

20 transistor remains negative (see FIG. 4), significant amounts of the absolute 
value of the drain-to-source current Ids flows under sub-threshold conditions. 

While the typical minimum channel length transistor (1.44Lim) exhibits 
an on-state to off-state current ratio of approximately 1.0x10^, due to the 
effects of drain-induced-barrier-lowering, the 0.72Lim transistor exhibits an 

25 on-state to off-state current ratio of approximately 2.0x10®. 

It should be understood that various alternatives to the embodiment of 
the invention described herein may be employed in practicing the invention. 
Thus, it is intended that the following claims define the scope of the invention 
and that methods and structures within the scope of these claims and their 

30 equivalents be covered thereby. 
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